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Abstract 

Antiviral drugs are being used for therapeutic purposes against influenza illness in humans. However, antiviral-resistant 
variants often nullify the effectiveness of antivirals. Combined medications, as seen in the treatment of cancers and other 
infectious diseases, have been suggested as an option for the control of antiviral-resistant influenza viruses. Here, we 
evaluated the therapeutic value of combination therapy against oseltamivir-resistant 2009 pandemic influenza H1N1 virus 
infection in DBA/2 mice. Mice were treated for five days with favipiravir and peramivir starting 4 hours after lethal challenge. 
Compared with either monotherapy, combination therapy saved more mice from viral lethality and resulted in increased 
antiviral efficacy in the lungs of infected mice. Furthermore, the synergism between the two antivirals, which was consistent 
with the survival outcomes of combination therapy, indicated that favipiravir could serve as a critical agent of combination 
therapy for the control of oseltamivir-resistant strains. Our results provide new insight into the feasibility of favipiravir in 
combination therapy against oseltamivir-resistant influenza virus infection. 
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Introduction 

Influenza viruses cause severe respiratory diseases. Vaccines 
and antiviral drugs can mitigate viral manifestations in humans. 
Compared with egg-based vaccines, which are known to be only 
effective against the target virus and are often faced with 
challenges, such as antigenic mismatch, substandard efficacy, and 
scaling-up manufacturing [1], antiviral drugs demonstrate broad- 
spectrum effectiveness against various subtypes of influenza 
viruses. Two classes of antiviral drugs are currendy licensed in 
humans against influenza infections. One class comprises the 
amantadine analogs, amantadine hydrochloride and rimantadine, 
which inhibit virus replication by inhibiting a proton (H~j 
transport channel formed by the M2 protein and facilitating the 
failure of the release of the ribonucleoprotein (RNP) complex 
from the attached Ml protein into the cytoplasm [2,3]. The 
other class targets the viral neuraminidase (NA) protein. 
Zanamivir and oseltamivir are well-known NA inhibitors (NAIs). 
By blocking NA enzymatic activity, these NAIs prevent a virus 
from invading through the respiratory mucins or newly 



assembled progeny virions in infected cells from budding out to 
neighboring cells [4]. 

The emergence of antiviral-resistant strains, however, hinders 
the common use of antiviral drugs in the treatment of influenza 
patients [5] . By achieving one amino acid mutation or additional 
accompanied mutations in the targeted viral protein [6,7], 
influenza viruses can gain resistance to antiviral drugs without 
compromising viral fitness [8,9] or transmissibility [10—12]. 
Changes in the glycosylation pattern of surface proteins may also 
contribute to immune evasion of antiviral resistant strains [13,14]. 
Another concern is the enhanced pathogenicity observed in some 
of the antiviral-resistant, highly pathogenic influenza A H5N1 
viruses [15,16]. To alleviate their prevalence and subsequent 
pandemic potential, solid intervention methods or new approaches 
with broad-spectrum efficacy should be given priority over any 
other approaches [17-19]. 

Combination therapy is considered one of the strategies for 
addressing the antiviral resistance of influenza viruses. As seen in 
the treatment of HIV patients [20], the use of two or more 
antiviral drugs effective against different viral mechanisms or 
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Table 1. Viral susceptibility to antiviral agents. 







IC 50 (nM) a 




EC 50 <nM) b 


Oseltamlvir carboxylate 


Peramivir 


Favipiravlr 


K09 


5.07 (3.58-7.17) 


1 .38 (0.70-2.74) 


8.39 (3.76-18.74) 


rK09/NA:Y275 


423.10 (331.20-540.40) 


104.40 (61.43-177.50) 


14.66 (6.54-32.86) 


K/2785 


238 (127.70-443.60) 


29.76 (15.55-56.94) 


10.82 (5.93-19.76) 



a IC 50 values were determined by fluorescent Nl assay. 
b EC 50 values were determined by plaque-reduction assay. 
doi:1 0.1 371 /journal.pone.01 01 325.t001 



components enables evasion of the risks of resistant strains under 
the additive or synergistic efficacy of chemical combinations 
[21,22]. The reduction of clinical complications and other 
resistance-related disease burdens can be another benefit of using 
combination therapy [23]. 

Peramivir, a newly introduced NAI that has a cyclopentane 
structure, has displayed in vitro and in vivo efficacy against influenza 
viruses. Its efficacy in treating influenza is attributed to its 
sustained residual plasma level [24,25]. Currendy, intravenous 
peramivir monotherapy has been licensed in Japan and South 
Korea. Favipiravir, formerly known as T-705, is another 
investigational drug that negatively affects the synthesis of 
influenza virus RNA through inhibition of the RNA-dependent 
RNA polymerase complex [26]. Compared with ribavirin, which 
also inhibits influenza polymerase activity, favipiravir exhibits less 
toxicity to host cells themselves and delivers better anti-influenza 
activity [27,28]. In addition, favipiravir displays outstanding 
therapeutic effects in infected mice [29]. In a recent in vivo study 
of combination chemotherapy, these two agents exhibited a 
synergism and saved mice from lethal challenge with the 2009 
pandemic H1N1 virus [30]. 

In the present study, we investigated the combination efficacy of 
peramivir and favipiravir against oseltamivir-resistant 2009 
pandemic H 1 N 1 virus infection in a DBA/ 2 mouse model, which 
was recently validated for the influenza antiviral screening study 
[3 1] . To compare with monotherapy, the mice were treated with 
the various combination sets of chemotherapy. The viral 
replication rates in the lungs were then determined in relation to 
the survival rates of mice after lethal challenge. 

Materials and Methods 

Ethics statement 

The mouse experiments were conducted in accordance with the 
recommendations in the Guide for the Care and Use of 
Laboratory Animals of the Animal, Plant, and Fisheries Quaran- 
tine and Inspection Agency of Korea. The experimental protocols 
were approved by the Institutional Animal Care and Use 
Committee of Hallym University (permit number: Hallym 2012- 
22, 93). 

Cells and viruses 

Madin-Darby canine kidney (MDCK) cells were obtained from 
American Type Culture Collection (Manassas, VA) and main- 
tained in media supplemented with 10% fetal bovine serum and 
antibiotics for cell-based assays. A 2009 pandemic H1N1 virus (A/ 
Korea/01/2009, K/09; NCBI taxonomy ID: 644289) and 2009 
pandemic H1N1 oseltamivir-resistant variant A/Korea/2785/ 
2009 (K/2785; see Table SI for NA gene sequence information) 
virus harboring a NA H275Y (Nl numbering) mutation were 



provided by the Korea Centers for Disease Control and 
Prevention (KCDC, Osong, Korea). After being purified by a 
plaque assay in MDCK cells, the virus stocks were prepared from 
propagation in 10-day-old fertile chicken eggs. Reverse transcrip- 
tase-PCR and subsequent sequence analysis confirmed the NA 
H275Y mutation in the K/2785 virus, which confers resistance to 
oseltamivir. The rK09/NA:Y275 virus (see Table SI for NA gene 
sequence information), which was previously rescued by plasmid- 
based reverse genetics [32], was also used as an oseltamivir- 
resistant control. 

Chemical compounds 

Peramivir hydrate (Green Cross Corporation, Yongin, Korea) 
was obtained from the Division of Infectious Diseases, Korea 
University Guro Hospital (Seoul, Korea). Favipiravir and 
oseltamivir carboxylate were purchased from Adooq Bioscience 
(Irvine, CA) and Toronto Research Chemicals Inc. (Toronto, 
Ontario, Canada), respectively. 

Determination of IC 50 and EC 50 values 

To determine the IC 50 values of NAIs against influenza viruses, 
a modified fluorescence assay was performed using MU-NANA 
substrate [2 ' -(4-methylumbelliferyl)-a-D-N-acetylneuraminic acid; 
Sigma- Aldrich, St. Louis, MO]. Original virus samples were 
serially two-fold diluted, and the final substrate concentration was 
100 uM. After a one-hour reaction with each NAI, the virus 
samples were incubated with the substrate for one hour. The 
released fluorescence was determined by SpectraMax M2e 
(Molecular Devices, LLC; Sunnyvale, CA), with excitation and 
emission wavelengths of 365 and 460 nm, respectively. The EC 50 
values were determined by plaque-reduction rates in MDCK cells. 
The data were then analyzed using Prism 5.0d software 
(GraphPad Software, Inc.; La Jolla, CA) by 95% confidence 
intervals. 

Mouse experiments 

For body weight changes and survival rates observations, six- to 
seven-week-old female DBA/2 mice (Japan SLC, Inc., Hama- 
matsu, Japan) were infected intranasally with 2 MLD50 titer of the 
K/2785 virus, which was equivalent to 10 ' plaque forming units 
(PFU). Intramuscular peramivir and/or oral favipiravir were 
administered twice daily (half daily dose per treatment) for five 
days starting from 4 hours post-infection (hpi). To assess the 
therapeutic efficacy of peramivir and/ or favipiravir, DBA/ 2 mice 
were treated with the same protocols as described above. PBS was 
used for the mock infection and the placebo treatment in mice. 
Viral replication in the mouse lungs was then determined at seven 
and nine days post-infection (dpi) by plaque assay in MDCK cells. 
To determine the in vivo toxicity of chemicals, the body weight 
changes of mice treated twice daily (half daily dose per treatment) 
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Peramivir 




-MOCK-i.m. 
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■ 22.5 mg/kg/day 
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■ 90 mg/kg/day 
180 mg/kg/day 



■ i — i — i i i — i i — i i — i i i i 
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Figure 1 . Effects of monotherapy with peramivir or favipiravir on mean body weight in mice infected with the oseltamivir-resistant 
K/2785 (H1N1) virus. Seven mice per each infection group were infected with 2 MLD 50 titer of the K/2795 virus. Peramivir was administered by 
intramuscular (i.m.) injection (A), and favipiravir was administered orally (p.o.) (B). Chemicals (22.5, 45, 90, and 180 mg/kg/day for peramivir and 8.75, 
17.5, 35, and 70 mg/kg/day for favipiravir) were maintained twice daily (half daily dose per treatment) for five days starting from 4 hours post- 
infection (hpi). Changes in the body weights are represented by the mean values ± standard deviations (SD). Mice in mock and placebo groups were 
infected or treated with PBS, respectively. The accompanying survival data are presented in Table 2. 
doi:1 0.1 371 /journal.pone.01 01 325.g001 



with peramivir (100 mg/kg/day) and favipiravir (40 mg/kg/day) 
for 5 days were recorded for 1 4 days post-treatment. To minimize 
animal suffering, mice were anesthetized intramuscularly with the 
combination of zoletile (10 mg/kg) and xylazine (15 mg/kg) 
before each viral infection and observed daily for their clinical 
changes (body weight, shivering, and fur condition). Mice 
exhibiting more than 25% weight loss were considered experi- 
mental death and euthanized humanely (cervical dislocation under 
deep anesthesia). 

Statistical analysis 

Differences in the total number of survivors were evaluated by 
Fisher's exact test using Prism 5.0d. Survival graphs were 
generated by Kaplan-Meier method and statistically analyzed 
with the Mantel-Cox log-rank test followed by the Gehan-Breslow- 
Wilcoxon test. Combination synergism was analyzed with 
MacSynergy II software [33] with 95% confidence limits. 
Differences in the lung viral titers of infected mice were evaluated 
by one-way ANOVA test and confirmed by Tukey's multiple 
comparison test. 



Results 

Antiviral efficacy of chemical monotherapy 

First, we assessed the susceptibility of the K/2785 virus against 
antiviral agents using fluorescence and cell-based assays. As 
previously known with other 2009 pandemic H1N1 strains [34], 
the K/09 virus was sensitive to oseltamivir carboxylate and 
peramivir (5.07 nM IC 50 for oseltamivir carboxylate and 1.38 nM 
IC50 for peramivir; Table 1). However, the recombinant K09/ 
NA:Y275 virus, which was formerly used as an oseltamivir- 
resistant control harboring the H275Y mutation in the NA protein 
(Table SI) [32], circumvented the antiviral efficacy of both NAIs, 
resulting in more than 75-fold elevated IC 50 values compared with 
those of the K/09 virus (423.10 nM for oseltamivir carboxylate 
and 104.40 nM for peramivir; Table 1). The K/2785 virus which 
retaining the NA H275Y mutation was also resistant to NAIs and 
needed more than 20-fold higher concentrations (238 nM for 
oseltamivir carboxylate and 29.76 nM for peramivir) of NAIs to be 
controlled compared with the K/09 virus (Table 1). Unlike the 
limited efficacy of NAIs, a polymerase inhibitor, favipiravir, 
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Table 2. Effects of monotherapy with peramivir or favipiravir on oseltamivir-resistant K/2785 virus infection in mice. 



Favipiravir 


Peramivir 


Survival/total 


MDD b ± SD 


(mg/kg/day) a 




(% survival) 


(day) 


Uninfected 




7/7 (100.0%) 




0 


0 


n/7 in no,M 
U/ / \\J.U /o) 


1 0.0 ±0.8 


0 


22.5 


0/7 (0.0%) 


10.1 ±1.1 


0 


45 


1/7 (14.3%) 


10.2 ±0.4 


0 


90 


5/7 (71.4%)* 


10.5±2.1 


0 


180 


5/7 (71.4%)* 


11.0+1.4 


8.75 


0 


2/7 (28.6%) 


9.8 ±0.8 


17.5 


0 


4/7 (57.1%) 


10.0 ±0.0 


35 


0 


6/7 (85.7%)** 


11 


70 


0 


7/7 (100.0%)*** 





intramuscular (peramivir) or oral (favipiravir) treatments were administered twice a day for five days starting from 4 hpi. 

b MDD, mean day of death for mice that died prior to 14 dpi. Fisher's exact test was applied to determine the statistical significance of differences in the survival rates (*, 
P<0.05, **, P<0.01, and ***, P<0.001 compared with the placebo mice group). 
doi:1 0.1 371 /joumal.pone.01 01 325.t002 



displayed a wider effectiveness against tested viruses. Only 8.39- 
14.66 uM of favipiravir was sufficient to restrict viral replication 
regardless of the presence of the H275Y mutation in the viral NA 
protein (Table 1). 

We then investigated whether chemical monotherapy could 
protect mice from lethal influenza virus challenge. After infection 
with 2 MLD 50 of the K/2785 virus, mice were treated with either 



peramivir (22.5, 45, 90, and 180 mg/kg/day) or favipiravir (8.75, 
17.5, 35, and 70 mg/kg/day). By fatal challenge, mice were 
succumbed to death from 8 dpi (Figure 1 and Table 2). As the 
IC 5u values indicated, peramivir presented unsatisfactory efficacy 
against oseltamivir-resistant virus infection. Most of the infected 
mice experienced severe weight loss (Figure 1A), and fatal 
outcomes were observed for all of the tested peramivir concen- 



Table 3. Effects of combinations of peramivir and favipiravir on oseltamivir-resistant K/2785 virus infection in mice. 





Favipiravir 


Peramivir 


Survival/total 


MDD b ± SD 


Lifespan increase' 


Synergism* 1 


(mg/kg/day) a 




(% survival) 


(day) 


(day) 


(%) 


uninfected 




6/6 (100.0%) 








0 


0 


0/10 (00.0%) 


9.4±1.0 




0 




25 


0/10 (00.0%) 


9.8±1.5 




0 




50 


2/10 (20.0%) 


10.1 ±1.2 




0 




100 


5/10 (50.0%)* 


10.6±0.9 




0 


10 


0 


3/10 (30.0%) 


9.4±0.5 




0 




25 


4/10 (40.0%) 


10.5±0.5 


0.7 


10.0 




50 


4/10 (40.0%) 


10.7±1.2 


0.6 


-4.0 




100 


5/10 (50.0%)* 


11 .2 ± 1 .0 


0.6 


-15.0 


20 


0 


5/10 (50.0%)* 


10.6±0.9 




0 




25 


7/10 (70.0%)** 


9.7±0.6 


0 


20.0 




50 


8/1 0 (80.0%)*** 


10.0±1.4 


0 


20.0 




100 


8/10 (80.0%)*** 


11.0±1.4 


0.4 


5.0 


40 


0 


8/10 (80.0%)*** 


10.7±0.6 




0 




25 


10/10 (100.0%)*** 




0 


20.0 




50 


10/10 (100.0%)*** 




0 


16.0 




100 


10/10 (100.0%)*** 




0 


10.0 



a See Table 2, footnote a. 
b See Table 2, footnote b. 

'Increase in lifespan of the infected mice was determined using the MDD results (the MDD of a combination therapy group compared with that of a longer living group 
between two respective monotherapy groups). 

d Synergism was evaluated by MacSynergy II software. Fisher's exact test was applied to determine the statistical significance of differences in the survival rates (*, P< 
0.05, **, P<0.01, and ***, P<0.001 compared with the placebo mice group). 
doi:1 0.1 371/joumal.pone.OI 01 325.t003 
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Figure 2. Effects of peramivir and favipiravir combination therapy for the treatment of the K/2785 virus-infected mice. 10 mice per 
group were infected and treated twice daily (half daily dose per treatment) with a monotherapy (A, E) of peramivir (25, 50, and 100 mg/kg/day) or 
favipiravir (10, 20, and 40 mg/kg/day) and a various set of combination therapy of peramivir and favipiravir (B, F for 10 mg/kg/day favipiravir groups; 
C, G for 20 mg/kg/day favipiravir groups; and D, H for 40 mg/kg/day favipiravir groups) for five days starting from 4 hpi. The body weight changes 
and survival rates were recorded for 14 days. The accompanying survival data are presented in Table 3. Survival graphs were generated by Kaplan- 
Meier method and statistically analyzed with the Mantel-Cox log-rank test followed by the Gehan-Breslow-Wilcoxon test (**, P<0.01, and ***, P< 
0.001 compared with placebo). 
doi:10.1371/journal.pone.0101325.g002 
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A 



B 




100 50 25 0 

Peramivir (mg/kg/day) 



Figure 3. Combination synergism of peramivir and favipiravir. 

The interactions between peramivir and favipiravir based on the 
survival rates of the infected mice in Table 3 are represented by 3D (A) 
or 2D (B) plots generated after analysis with MacSynergy II software 
(Prichard and Shipman, 1990) [33]. 
doi:1 0.1 371/journal.pone.01 01 325.g003 

trations before 14 dpi (Table 2). With favipiravir, the infected mice 
also lost weight (Figure IB), and only higher concentrations (35 or 
70 mg/kg/day) saved more than 80% of the infected mice from 
death (Table 2). These results indicate that chemical monotherapy 
using either peramivir or favipiravir is insufficient to protect mice 
from lethal challenge of the oseltamivir-resistant K/2785 virus. 

Antiviral efficacy of combination therapy protocols 

To mitigate the pathogenicity of the oseltamivir-resistant K/ 
2785 virus in mice, various combination protocols were evaluated 
using peramivir and favipiravir (Table 3). The administration 
concentrations of each chemical were determined based on the 
results of the above monotherapy (25, 50, and 100 mg/kg/day for 
peramivir; 10, 20, and 40 mg/kg/day for favipiravir). PBS- 
infected (mock) or treated (placebo) mice were used as controls. 

Compared with the PBS-infected controls, the infected mice in 
a placebo group exhibited severe clinical suffering, such as ruffled 
fur, shivering, and extreme weight loss (more than 25% of original 
body weight) (Figure 2A), and all succumbed to death between 8- 
12 dpi (Figure 2E). We again observed that peramivir alone was 
unable to produce sound therapeutic outcomes. Similar to the 
above monotherapy trials, 25, 50, and 100 mg/kg/day peramivir 
treatments cured less than half of the infected mice (0%, 20%, and 



50% survival rates, respectively) (Figure 2A), and no increase in 
lifespan was observed (Table 3). However, combination therapy 
resulted in improved efficacy and gained life span increases in the 
infected mice. The same peramivir dosages, when coupled with 
10 mg/kg/day favipiravir, reduced body weight loss in mice 
(Figure 2B) and resulted in respective 40%, 40%, and 50% survival 
rates (Figure 2F and Table 3). Interestingly, combination with 
increased concentrations of favipiravir produced even better 
therapeutic efficiencies. By producing less weight loss (Figure 2C 
and D), 20 or 40 mg/kg/ day favipiravir saved more mice from 
lethal challenge, and the highest survival rates were 83.3% and 
100%, respectively (Figure 2G and H and Table 3). The mean 
days until death were also lengthened with increasing dosage of 
favipiravir administered in combination therapy (Table 3), and no 
in vivo toxicity was observed in mice for the high dosage treatment 
of peramivir (100 mg/kg/day) and favipiravir (40 mg/kg/day) 
(data not shown). Considered together, these results indicate that 
the dearth in the mono-therapeutic efficacy of chemicals can be 
compensated for by using combination protocols, and an adequate 
combination formulation with favipiravir may enhance the 
survival rates of mice against oseltamivir-resistant K/2785 virus 
infection. 

Combination synergism between peramivir and 
favipiravir 

Combination therapy protocols using peramivir and favipiravir 
resulted in different mechanisms of interaction. W e then assessed 
the chemical synergism of these protocols using MacSynergy II 
software. In the three-dimensional (3D) representations, several 
treatment protocols were found to be synergistic when combined 
with 20 or 40 mg/kg/day favipiravir, whereas 10 mg/kg/day 
favipiravir was hardly effective even with 100 mg/kg/day 
peramivir (Figure 3A). In particular, 25 mg/kg/ day peramivir 
established the greatest synergism (20.0 |J.m 2 unit %) when 
combined with 20 (P<0.01) or 40 (P<0.001) mg/kg/day 
favipiravir (Figure 3A). 50 mg/kg/day peramivir also exhibited 
20.0 \lm 2 unit % synergistic effect when combined with 20 mg/ 
kg/ day favipiravir (P<0.001) (Figure 3A). The net synergy was 
82.0 um 2 unit %, and two combination sets (50 mg/kg/day 
peramivir and 10 mg/kg/day favipiravir, 100 mg/kg/day per- 
amivir and 10 mg/kg/day favipiravir) displayed an antagonistic 
effect (—4.0 and —15.0 urn 2 unit %, respectively) (Table 3). The 
2D graph also represented the synergistic and antagonistic 
interactions between two chemicals (Figure 3B). 

Antiviral effects of combination therapy on the lungs of 
infected mice 

Severe pathogenesis in the lower respiratory tract is one of the 
most important etiologic features of influenza virus infection in 
humans. Therefore, we assessed whether combination therapy 
protocols using peramivir and favipiravir could counteract the K/ 
2785 virus infiltration in the lungs of mice. In the lungs of the PBS- 
treated mice of a placebo group, the K/2785 virus was able to 
replicate up to io 7 H1±o il and 10 7 ' 42±o 26 PFU/ml per lung weight 
(g) by 7 and 9 dpi, respectively (Figure 4 and Table 4). These 
replication properties resulted in high pathogenesis of the K/2785 
in mice. When treated, viral replication was alleviated according to 
the administered concentrations of the drugs. Generally, viral titer 
was reduced more by 9 dpi than by 7 dpi, and combination 
therapy was more efficacious than either peramivir or favipiravir 
monotherapy at protecting mice from lung viral invasion (Figure 4). 
In addition, the concentration of favipiravir but not that of 
peramivir appeared to be more critical in the drug combination 
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Figure 4. Therapeutic effects of combination therapy against viral replication in the lungs of infected mice. After infection and 
treatment, three mice were sacrificed at 7 and 9 dpi, respectively, for lung collection. Viral replication was then assessed by plaque assay in MDCK 
cells. Mean titers (± SD) were determined by three independent results. Exact viral titers were presented in Table 4. One-way ANOVA test was applied 
to analyze the statistical significance of differences in viral replication based on the used combination therapy, and Tukey's multiple comparison test 
was performed (*, P<0.05, **, P<0.01, and ***, P<0.001 compared with placebo). 
doi:1 0.1 371 /journal.pone.01 01 325.g004 



because increases in peramivir concentrations did not reduce the 
severity of viral infiltration in the lungs, whereas favipiravir 
displayed dose-dependent protective efficacy (Figure 4 and 
Table 4). In particular, 20 mg/kg/ day favipiravir combined with 
any peramivir concentration resulted in greater than one log 
reduction rates of viral replication in the lungs of infected mice 
(Figure 4 and Table 4), consistent with the chemical synergism 
observed in the previously examined combination data (Figure 3 
and Table 3). These results indicate that combination therapy 
using peramivir and favipiravir has therapeutic potential against 
oseltamivir-resistant virus pathogenesis in mice. 



Discussion 

Antiviral-resistant influenza viruses pose a significant threat to 
public health. Despite the fact that concerning potential events 
have yet to occur in the recurrent influenza seasons, a pandemic 
scenario involving the widespread distribution of antiviral-resistant 
variants always demands a comprehensive surveillance system for 
influenza [35]. The experimental results of in vivo transmission 
studies or simulations by mathematical modeling also underline 
the importance of medical preparedness for antiviral resistance 
[36,37]. In fact, the somewhat limited modes of action-based but 
wide-spectrum antivirals are already available for the prevention 



Table 4. Viral titers in the lungs of infected mice after treatment. 





Favipiravir 


Peramivir 


Viral titers in lungs [log 10 (PFU/ml/g) ± SD] 




(mg/kg/day) a 




7 dpi 


9 dpi 


0 


0 


7.81 ±0.31 


7.42±0.26 




25 


7.34±0.17 


6.30±0.13* 




50 


7.13±0.09* 


6.29±0.27* 




100 


7.29±0.15 


6.55±0.14 


10 


0 


7.31 ±0.01 


6.88±0.12 




25 


7.41 ±0.08 


5.50±0.35*** 




50 


7.30±0.18 


6.44±0.64 




100 


7.17±0.05* 


6.76 


20 


0 


6.95±0.14*» 


5.75 ±0.1 9*** 




25 


6.96±0.38** 


5.87±0.48*** 




50 


6.77±0.23*** 


5.51 ±0.28*** 




100 


6.70±0.27*** 


5.52±0.07*** 



a See Table 2, footnote a. Differences in the lung viral titers of infected mice were statistically evaluated by one-way ANOVA test and confirmed by Tukey's multiple 
comparison test (*, P<0.05, **, P<0.01, and ***, P<0.001 compared with the placebo mice group}. 
doi:1 0.1 371/journal.pone.0101 325.t004 



PLOS ONE | www.plosone.org 



7 



July 2014 | Volume 9 | Issue 7 | e101325 



Antiviral Combination for Oseltamivir-Resistant Virus 



and treatment of influenza infections in humans and have been 
stockpiled for urgent use. However, new lines of antivirals are still 
being pursued because the sustained use of the same or similar 
mechanism of drugs may instigate a high risk of the emergence of 
more potent outiying variants. To this end, peramivir is an 
alternative to existing NAI entries [24]. With comparable in vitro 
and in vivo efficacy to zanamivir and oseltamivir carboxylate, new 
NAIs based on cyclopentane structures have clinical potential [38- 
40]. The low emergence rates of resistant strains is another benefit 
aiding the prophylactic and therapeutic uses of peramivir [41]. 
However, there is a fraction of resistant variants that remain 
unmanaged. 

We evaluated combination therapy using peramivir and 
favipiravir as a means of antiviral-resistant remedies in DBA/ 
2 mice. As previously known, the combination of multiple agents 
can bring a series of therapeutic benefits, such as additive or 
synergistic inhibition of viral replication, less toxicity with reduced 
chemical doses, and limited resistance rates compared with 
chemical monotherapy [42]. Peramivir, together with ribavirin 
[43], rimantadine [44,45], oseltamivir [46], or favipiravir [30], has 
been suggested as an effective component for combination therapy 
against various HI and H5 strains [47]. In this study, peramivir 
alone lacked therapeutic efficacy against K/2785 virus infection in 
mice (Figures 1A and 2). It was also insufficient for the inhibition 
of viral replication in the infected lungs of mice (Figure 4 and 
Table 4). However, favipiravir appeared to be a useful choice for 
combination therapy against the oseltamivir-resistant K/2785 
virus. Favipiravir (6-fluoro-3-hydroxy-2-pyrazinecarboxamide), an 
investigational drug formerly known as T-705, is an orally 
administered agent effective against cross-types of influenza viruses 
by targeting the viral RNA polymerase complex [48,49]. Unlike 
ribavirin, which also blocks viral replication as a nucleoside 
inhibitor but inevitably harasses the viability of host cells, 
favipiravir is known to be safe from cytotoxicity and retains a 
high selectivity index [48] . For the mouse therapeutic model in our 
study, increases in the favipiravir concentration resulted in an 
improvement of survival rates (Table 3). Viral replication in the 
lungs was also controlled in a favipiravir concentration-dependent 
manner (Figure 4 and Table 4). Despite the disappointing 
performance of peramivir monotherapy, favipiravir exhibited 
synergistic interaction in combination therapy (Figure 3) that led 
to the overall survival enhancement of infected mice (Table 3). 
Considered together, these results indicate that favipiravir may be 
one of the essential agents for combination chemotherapy against 
various subtypes of influenza virus infections. 

We used a DBA/2 mouse model to evaluate combination 
therapy. As suggested for human H1N1 viruses [50], DBA/2 mice 

References 

1. Lcc I, Kim JI, Park M-S (2013) Cell culture-based influenza vaccines as 
alternatives to egg-based vaccines. Journal of Bacteriology and Virology 43: 9- 
17. 

2. Knipc DM, Howlcy PM (2006) Fields Virology, 5th edition; Wright PF, 
Neumann G, Kawaoka Y, editors: Lippincott Williams & Wilkins. 

3. Hclenius A (1992) Unpacking the incoming influenza virus. Cell 69: 577-578. 

4. von Itzstcin M (2007) The war against influenza: discovery and development of 
sialidase inhibitors. Nat Rev Drug Diseov 6: 967—974. 

5. Pizzorno A, Abed Y, Boivin G (2011) Influenza drug resistance. Semin Rcspir 
Crit Care Med 32: 409-422. 

6. Ferraris O, Lina B (2008) Mutations of neuraminidase implicated in 
neuraminidase inhibitors resistance. J Clin Virol 41: 13—19. 

7. BloomJD, Gong LI, Baltimore D (2010) Permissive secondary mutations enable 
the evolution of influenza oseltamivir resistance. Science 328: 1272-1275. 

8. Baz M, Abed Y, Simon P, Hamelin ME, Boivin G (2010) Effect of the 
neuraminidase mutation H274Y conferring resistance to oseltamivir on the 
rcplicative capacity and virulence of old and recent human influenza A(H1N1) 
viruses. J Infect Dis 201: 740-745. 



were also highly susceptible to the K/2785 virus 
(MLDr, 0 = 10 1 ' 8 ' 5 PFU), which could avoid development of a lethal 
challenge virus after tedious rounds of adaptation in mice and lead 
us to focus on the virulence of the oseltamivir-resistant K/2785 
virus itself, not on the genetic mutations considered when using 
mouse-adapted strains. As soon as the DBA/2 mice were infected 
with the lethal virus, they started to lose weight. Death was 
inevitable, and all of the infected mice succumbed to death from 

8 dpi without treatment (Figures 1 and 2). Mono- or dual- 
chemotherapy demonstrated different therapeutic effects. At 7 dpi, 
viral pathogenesis resulted in more than 10% body weight loss, 
and mono- or dual-chemotherapy was less effective in protecting 
the infected lungs. However, viral replication at 9 dpi was far more 
reduced with the same treatments. In addition, the favipiravir- 
driven therapeutic effects of combination therapy were seen at 

9 dpi (Figure 4 and Table 4), consistent with the results of the 
survival rate and combination synergism experiments (Figure 3 
and Table 3). 

We applied combination therapy against oseltamivir-resistant 
2009 post-pandemic H1N1 virus infection in DBA/2 mice. 
Synergistically, the peramivir and favipiravir combination worked 
on the infected mice and protected them from severe viral 
pathogenesis. Despite the lack of clarity over whether the 
responsible NA H275Y mutation in the K/2785 virus occurred 
before or after human infection, this combination therapy has 
therapeutic potential in humans against naturally occurring 
oseltamivir-resistant H1N1 viruses. Furthermore, favipiravir is 
suggested as a key component of combination therapy to aid in the 
treatment of seasonal and pandemic influenza. 

Supporting Information 

Table SI Comparison of viral NA gene sequences. 

(PDF) 

Acknowledgments 

We thank Chun Kang (Division of Influenza Virus, Center for Infectious 
Disease, at Korea Center for Disease Control and Prevention) for 
providing us with influenza virus resources. 

Author Contributions 

Conceived and designed the experiments: MSP. Performed the experi- 
ments: SPJIK IL SL MWHJYB JH DK SIJ HK. Analyzed the data: SP 
JIK IL MSP. Contributed reagents/materials/analysis tools: HJC JWS 
KJS LJB. Contributed to the writing of the manuscript: SPJIK IL MSP. 



9. Abed Y, Pizzorno A, Bouhy X, Boivin G (2011) Role of permissive 
neuraminidase mutations in influenza A/Brisbanc/59/20074ike (H1N1) viruses. 
PLoS Pathog 7: el002431. 

10. Scibcrt CW, Kaminski M, PhilippJ, Rubbcnstroth D, Albrecht RA, ct al. (2010) 
Oseltamivir-resistant variants of the 2009 pandemic H1N1 influenza A virus are 
not attenuated in the guinea pig and ferret transmission models. J Virol 84: 
11219-11226. 

11. Wong DD, Choy KT, Chan RW, Sia SF, Chiu HP, ct al. (2012) Comparable 
fitness and transmissibility between oseltamivir-resistant pandemic 2009 and 
seasonal H1N1 influenza viruses with the H275Y neuraminidase mutation. 
J Virol 86: 10558-10570. 

12. Kiso M, Shinya K, Shimojima M, Takano R, Takahashi K, ct al. (2010) 
Characterization of oseltamivir-resistant 2009 H1N1 pandemic influenza A 
viruses. PLoS Pathog 6: c 100 1079. 

13. Huang P, Liang LJ, Hou NM, Zhang X, Su WZ, ct al. (2013) Phylogenetic, 
molecular and drug-sensitivity analysis of HA and NA genes of human H3N2 
influenza A viruses in Guangdong, China, 2007-2011. Epidemiol Infect 141: 
1061-1069. 



PLOS ONE | www.plosone.org 



8 



July 2014 | Volume 9 | Issue 7 | e101325 



Antiviral Combination for Oseltamivir-Resistant Virus 



14. KimJI, Lcc I, Park S, Hwang MW, Bac JY, ct al. (2013) Genetic requirement 
for hemagglutinin glycosylation and its implications for influenza A H1N1 virus 
evolution. J Virol 87: 7539-7549. 

15. Ilyushina NA, Seiler JP, RehgJE, Webster RG, Govorkova EA (2010) Effect of 
neuraminidase inhibitor-resistant mutations on pathogenicity of cladc 2.2 A/ 
Turkey/15/06 (H5N1) influenza virus in ferrets. PLoS Pathog 6: el000933. 

16. Kiso M, Ozawa M, Le MT, Imai H, Takahashi K, et al. (201 1) Effect of an 
asparaginc-to-serinc mutation at position 294 in neuraminidase on the 
pathogenicity of highly pathogenic H5N1 influenza A virus. J Virol 85: 4667— 
4672. 

17. Park S, KimJI, Lee I, Lee S, Hwang MW, et al. (2013) Aronia mclanocarpa and 
its components demonstrate antiviral activity against influenza viruses. Biochcm 
Biophys Res Commun 440: 14-19. 

18. van dcr Vries E, Schutten M, Fraaij P, Boucher G, Ostcrhaus A (2013) Influenza 
virus resistance to antiviral therapy. Adv Pharmacol 67: 217—246. 

19. Lee S, KimJI, Heo J, Lee I, Park S, ct al. (2013) The anti-influenza virus effect 
of Phcllinus igniarius extract. J Microbiol 51: 676-681. 

20. Gulick R (1998) Combination therapy for patients with HIV-1 infection: the use 
of dual nucleoside analogues with protease inhibitors and other agents. AIDS 12 
Suppl 3: S17-22. 

21. Nguyen JT, Hoopes JD, Le MH, Smec DF, Patick AK, et al. (2010) Triple 
combination of amantadine, ribavirin, and oscltamivir is highly active and 
synergistic against drug resistant influenza virus strains in vitro. PLoS One 5: 
e9332. 

22. Park S, KimJI, Park M-S (2012) Antiviral agents against influenza viruses. 
Journal of Bacteriology and Virology 42: 284-293. 

23. Govorkova LA. Webster RG (2010) Combination chemotherapy for influenza. 
Viruses 2: 1510-1529. 

24. Shetty AK, Peek LA (2012) Peramivir for the treatment of influenza. Expert Rev 
Anti Infect Ther 10: 123-143. 

25. Yun NE, Linde NS, Zacks MA, Barr IG, Hurt AC, et al. (2008) Injectable 
peramivir mitigates disease and promotes survival in ferrets and mice infected 
with the highly virulent influenza virus, A/Vietnam/1203/04 (H5N1). Virology 
374: 198-209.' 

26. Kiso M, Takahashi K, Sakai-Tagawa Y, Sfnnya K, Sakabe S, ct al. (2010) T-705 
(favipiravir) activity against lethal H5N1 influenza A viruses. Proe Natl Acad 
Sci U S A 107: 882-887. 

27. Gowcn BB, Smce DF, Wong MH, Hall JO, Jung KH, et al. (2008) Treatment of 
late stage disease in a model of arcnaviral hemorrhagic fever: T-705 efficacy and 
reduced toxicity suggests an alternative to ribavirin. PLoS One 3: e3725. 

28. Smec DF, Hurst BL, Egawa H, Takahashi K, Kadota T, et al. (2009) 
Intracellular metabolism of favipiravir (T-705) in uninfected and influenza A 
(H5N1) virus-infected cells. J Antimicrob Chemother 64: 741-746. 

29. Smee DF, Hurst BL, Wong MH, Bailey KW, Tarbet EB, et al. (2010) Effects of 
the combination of favipiravir (T-705) and oscltamivir on influenza A virus 
infections in mice. Antimicrob Agents Chemother 54: 126-133. 

30. Tarbet EB, Maekawa M, Furuta Y, Babu YS, Morrey JD, et al. (2012) 
Combinations of favipiravir and peramivir for the treatment of pandemic 
influenza A/California/04/2009 (H1N1) virus infections in mice. Antiviral Res 
94: 103-110. 

31. KimJI, Park S, Lcc S, Lcc I, Hco J, et al. (2013) DBA/2 mouse as an animal 
model for anti-influenza drug efficacy evaluation. J Microbiol 51: 866-871. 

32. Park S, KimJI, Lcc I, Lee S, Hwang MW, et al. (2012) Susceptibility of human 
H3N2 influenza virus to oseltamivir in South Korea, 2009-20 1 1 . J Microbiol 50: 
1067-1070. 



33. Prichard MN, Shipman C, Jr. (1990) A three-dimensional model to analyze 
drug-drug interactions. Antiviral Res 14: 181-205. 

34. Nguyen HT, Sheu TG, Mishin VP, Klimov Al, Gubarcva LV (2010) Assessment 
of pandemic and seasonal influenza A (H 1N1) virus susceptibility to 
neuraminidase inhibitors in three enzyme activity inhibition assays. Antimicrob 
Agents Chemother 54: 3671-3677. 

35. Jonges M, van dcr Lubbcn IM, Dijkstra F, Verhoef L, Koopmans M, ct al. 
(2009) Dynamics of anti viral- resistant influenza viruses in the Netherlands, 
2005-2008. Antiviral Res 83: 290-297. 

36. Hurt AC, Nor'c SS, McCawJM, Fryer HR, Mossc J, ct al. (2010) Assessing the 
viral fitness of oseltamivir-rcsistant influenza viruses in ferrets, using a 
competitive-mixtures model. J Virol 84: 9427—9438. 

37. Chao DL (2013) Modeling the global transmission of anti viral- resistant influenza 
viruses. Influenza Other Respi Viruses 7 Suppl 1 : 58-62. 

38. Smec DF, Huffman JH, Morrison AG, Barnard DL, Sidwell RW (2001) 
Gyclopcntanc neuraminidase inhibitors with potent in vitro anti-influenza virus 
activities. Antimicrob Agents Chemother 45: 743-748. 

39. Sidwell RW, Smec DF, Huffman JH, Barnard DL, Bailey KW, et al. (2001) In 
vivo influenza virus-inhibitory effects of the cyclopcntane neuraminidase 
inhibitor RJW-270201. Antimicrob Agents Chemother 45: 749-757. 

40. Sugaya N, Kohno S, Ishibashi T, Wajima T, Takahashi T (2012) Efficacy, 
safety, and pharmacokinetics of intravenous peramivir in children with 2009 
pandemic H1N1 influenza A virus infection. Antimicrob Agents Chemother 56: 
369-377. 

41. Samson M, Pizzorno A, Abed Y, Boivin G (2013) Influenza virus resistance to 
neuraminidase inhibitors. Antiviral Res 98: 174—185. 

42. Tsiodras S, Mooney JD, Hatzakis A (2007) Role of combination antiviral 
therapy in pandemic influenza and stockpiling implications. BMJ 334: 293-294. 

43. Smce DF, Bailey KW, Morrison AG, Sidwell RW (2002) Combination 
treatment of influenza A virus infections in cell culture and in mice with the 
cyclopcntane neuraminidase inhibitor RWJ-270201 and ribavirin. Chemother- 
apy 48: 88-93. 

44. Govorkova EA, Fang HB, Tan M, Webster RG (2004) Neuraminidase inhibitor- 
rimantadinc combinations exert additive and synergistic anti-influenza virus 
effects in MDCK cells. Antimicrob Agents Chemother 48: 4855-4863. 

15. Banlia S. Kellogg D. Parker (JD, Babu YS (2010) Combination of peramivir and 
rimantadine demonstrate synergistic antiviral effects in sub-lethal influenza A 
(H3N2) virus mouse model. Antiviral Res 88: 276-280. 

46. Smec DF, Hurst BL, Wong MH, Tarbet EB, Babu YS, ct al. (2010) 
Combinations of oseltamivir and peramivir for the treatment of influenza A 
(H1N1) virus infections in cell culture and in mice. Antiviral Res 88: 38-44. 

47. Smce DF, Julander JG, Tarbet EB, Gross M, Nguyen J (2012) Treatment of 
oseltamivir-rcsistant influenza A (H1N1) virus infections in mice with antiviral 
agents. Antiviral Res 96: 13—20. 

48. Furuta Y, Takahashi K, Fukuda Y, Kuno M, Kamiyama T, et al. (2002) In vitro 
and in vivo activities of anti-influenza virus compound T-705. Antimicrob 
Agents Chemother 46: 977-981. 

49. Furuta Y, Takahashi K, Kuno-Mackawa M, Sangawa H, Uehara S, ct al. (2005) 
Mechanism of action of T-705 against influenza virus. Antimicrob Agents 
Chemother 49: 981-986. 

50. Pica N, Iyer A, Ramos I, Bouvicr NM, Fcrnandcz-Sesma A, ct al. (201 1) The 
DBA.2 mouse is susceptible to disease following infection with a broad, but 
limited, range of influenza A and B viruses. J Virol 85: 12825-12829. 



PLOS ONE | www.plosone.org 



9 



July 2014 | Volume 9 | Issue 7 | e101325 



